Abstract-We developed a mathematical model to describe the lower-limb passive joint moments to investigate and compare these moments in a small sample of able-bodied volunteers and individuals with long-standing motor complete paraplegia. Isokinetic tests, which were performed on a sample of four subjects with spinal cord injuries (SCIs) and five uninjured individuals, measured the passive moments at the ankle, knee, and hip joints throughout their ranges of motion in the sagittal and coronal planes. We fitted an 11-parameter nonlinear viscoelastic model to the acquired passive moment data (mean square error ranging from 0.020 to 5.1 Nm 2 ) to compare subject populations and to determine the influences of joint velocity and passive coupling between adjacent joints. Although the passive moment curves of the SCI and able-bodied groups exhibited many similarities in shape, a repeated measures analysis of variance (ANOVA) that compared the passive moment curves of the two groups indicated a statistically significant (p < 0.01) difference for every joint except the knee. This new model for passive joint moments should prove to be useful in examining how changes in passive properties affect bipedal function and movement.
INTRODUCTION
The human musculoskeletal system includes structures, such as ligaments and joint capsules, that hold the joints together and help guide movements of bony surfaces relative to one another [1] . These structures contain collagen networks that generate resistive forces when stretched. Muscles produce active forces to generate movements, but they also contain collagenous structures, which hold the muscle fibers together and resist stretch even when the muscle is relaxed. Finally, the joints themselves exhibit resistance to movement because of the properties of cartilage and the shapes of the contacting articular surfaces [1] . Together, all of these resistive forces across a joint generate a passive moment about the joint.
Passive joint moments are among the elements of the musculoskeletal system involved in controlling movement. For example, a significant passive joint moment may increase the stability of the joint (e.g., locking of the knee at full extension). Unfortunately, inactivity of a joint often leads to chronic changes in the tissues surrounding it, ultimately altering the passive joint moments. Such inactivity can occur following spinal cord injury (SCI) if aggressive physical therapy is not maintained [2] . As a result, the lack of joint motion leads to shortening of ligaments, stiffening of joint capsules, and shortening of muscles [3] [4] [5] . In some cases, joint contractures develop and significantly limit range of motion (ROM) [2, 6] .
Early studies showed that the joint angle affects the passive moments [7] [8] [9] [10] [11] , while others showed that the passive moments can also vary with the angular velocity of the joint [12] [13] [14] [15] . More recently, the influence of biarticular muscles on the passive moment was illustrated [15] [16] [17] [18] [19] . Prior attempts to model passive joint moments mathematically described the nonlinear passive elastic properties as a combination of two exponential functions [15, [17] [18] [19] [20] [21] [22] [23] [24] . To characterize the viscous component of passive joint properties, researchers have used two approaches. One approach modeled the hysteresis arising from viscous effects by determining two separate sets of double exponential functions [13, 25] : one for flexion to extension movements and one for extension to flexion movements. This approach however did not include the effects of stress-relaxation that occur in all connective tissues [1] . The second approach modeled the viscous joint properties as a power function of the joint velocity [13, 26] . This approach provided a means to model stress-relaxation but only for one direction of movement at a time. Thus, existing information regarding human lower-limb passive joint properties was limited to the sagittal plane (i.e., flexion and extension of the ankle, knee, and hip), and current models of these properties have not been complete.
Passive joint moments also have an impact on the development of neuroprostheses that use functional electrical stimulation (FES) to restore standing and walking to individuals with paraplegia. In particular, the use of FES can be significantly hampered by changes in passive joint moments [27] , especially when coupled with muscle weakness caused by disuse atrophy. Yet, many theoretical studies of lower-limb neuroprostheses neglect the changes in passive joint moments following SCI altogether [28] .
The principal objective of this study was to quantify the effects of SCI on the lower-limb passive joint moments during both sagittal and nonsagittal motions, including the effects of joint rotational velocity and the positioning of adjacent joint angles. The specific goals of this study were (1) to measure the human lower-limb passive moments in both sagittal and coronal planes for ablebodied and SCI subjects, (2) to develop a single equation model that represents the salient features of the passive joint moments in a computationally efficient manner, and (3) to use the model to compare the passive joint moments between able-bodied individuals and individuals with paraplegia.
METHODS

Experimental Testing
Subjects
Experiments were performed on four individuals with paraplegia and five able-bodied individuals. The characteristics of each subject have been included in Table 1 . The MetroHealth Medical Center and Cleveland Department of Veterans Affairs (VA) Medical Center Institutional Review Boards approved the experimental protocol, and each subject provided informed consent to participate. 
Procedures
Subjects were positioned in a Biodex System 3 ® dynamometer (www.Biodex.com) so that the rotational center of the joint of interest was aligned with the rotational center of the dynamometer spindle. The dynamometer rotated the primary joint at a constant velocity and measured the rotational velocity, the joint angle, and the passive moment developed at the joint. An example of the measured signals is shown in Figure 1 . A force and moment transducer (JR3 Inc., www.JR3.com; model 160M50A-I100) was mounted to the spindle of the dynamometer to obtain higher resolution moment signals about all three axes. The moment data from the additional two off-plane axes were used to ensure that the center of rotation of the joint and the dynamometer were well aligned. In some cases, electronic goniometers (Biometrics Ltd., www.BiometricsLtd.com; model XM110) were also used to measure the primary or adjacent joint angles. The surfaces of the goniometers were affixed to the limbs with double-sided tape and then further secured with tape placed over the goniometers and limb.
The goniometers and joint position output of the dynamometer were referenced to the anatomical angles defined in Figure 2 . The plantar flexion/dorsiflexion angle was defined as the angle between the surface of the foot, the lateral malleolus, and the lateral epicondyle of the femur. A plantar flexion angle of 0° was defined as the surface of the foot being perpendicular to the line through the lateral malleolus and lateral epicondyle of the femur. The ankle inversion/eversion angle was defined as the angle between the surface of the foot and the sagittal plane passing through the tibia. An ankle inversion angle of 0° was defined by the second metatarsal being in-line with the sagittal plane. The line passing through the lateral malleolus and lateral epicondyle of the femur and the line passing through the lateral epicondyle of the femur and the greater trochanter were used to define the knee joint angle. The knee angle was 0° when the knee was extended and the two lines were coincident. The hip flexion angle was determined by the line passing through the lateral epicondyle of the femur and greater trochanter and by the line through the greater trochanter and the anterior superior iliac crest. When the angle between these lines was 15°, the hip flexion angle was defined to be 0°. The hip abduction angle was defined by a line connecting the left and right anterior superior iliac crests and by a line connecting the patella and anterior superior iliac crest of the limb being measured. The abduction angle was 0°w hen these two lines were perpendicular. With these joint angle conventions, all joint angles would be near zero when the subject was standing erect.
Five separate experiments characterized the passive moments developed at the ankle, knee, and hip joints in the flexion/extension direction, the ankle joint in the inversion/eversion direction, and the hip joint in the abduction/adduction direction. For each joint measured, the same minimum range of motion (ROM) was used for each subject to ensure that sufficient passive moments developed at the ends of the ranges. If the subject's ROM was larger than the minimum ROM, the testing ROM was expanded until the subject just felt discomfort. For all the joints tested, the angular velocities and adjacent joint angles included those encountered during a sit-to-stand transition [29] [30] [31] [32] .
As in previous studies [23, 27, 33] , the joint was preconditioned before the experiment began so that the passive moment measurements would not be historydependent. The preconditioning consisted of cycling the joint through its ROM 20 times at an angular velocity of 10°/s. Following the preconditioning, we performed the seven isokinetic trials of the experiment. Each trial consisted of rotating the joint through 15 cycles of its ROM. The first 10 cycles continued the joint conditioning, while the last 5 cycles were used for the data analysis.
During the seven experimental trials, the angular joint velocity and the proximal and distal joint angles were varied. Tables 2 to 6 illustrate, for each of the five joints measured, the values used during each trial for the angular joint velocities and adjacent joint angles. For the first three trials, external braces fixed the proximal and distal joints angles as we applied different constant angular velocities to examine the viscoelastic component of the passive joint moment [13, 22, 23, 34] . During the next two trials, the primary joint was rotated through its ROM at a constant velocity as the proximal joint angle was fixed at one of two positions that were different from the initial proximal joint angle. Similarly for the last two trials, the distal joint angle was fixed at one of two new different positions. These last four trials examined the influence that biarticulate muscles crossing the proximal and primary joints or the distal and primary joints have on the passive moments of the primary joint.
Initially, to ensure that voluntary or involuntary muscle activity would not be a confounding factor, we monitored The relevant muscles for each tested joint include gastrocnemius and tibialis anterior for ankle plantar flexion/dorsiflexion, rectus femoris and biceps femoris for the knee joint, rectus femoris and gluteus maximus for hip flexion/extension, tibialis anterior and peroneus longus for ankle inversion/eversion, and adductor magnus and gluteus medius for hip abduction/adduction. During the experiments however, we found that any EMG activity caused a noticeable discontinuity in the moment measurements, which was consistent with observations reported in the literature [13, 15, 16, 18, 23] . Consequently, EMG recordings were not performed on every subject. Any cycle that Table 4 .
Experimental conditions for knee flexion/extension (flex/ext). exhibited a discontinuity was assumed to contain muscle activity and was not included in the subsequent data analysis.
Trial Number
All transducer signals were collected with a 200 MHz Pentium ® I computer using a National Instruments ® data acquisition board (National Instruments Corp., www.NI.com; model AT-MIO-64E-3). A virtual instrument created in the software package Labview ® (National Instruments Corp., www.NI.com; version 5.0.1) was developed so the data could be sampled at 100 Hz and saved to the hard disk of the computer. The EMG data were rectified and low-pass filtered (Butterworth filter, 20 Hz cutoff frequency) before they were recorded.
Data Analysis
Development of Nonlinear Viscoelastic Model
To capture the salient features of the passive joint moments from the experimental data, we developed a model based upon the Kelvin model for viscoelasticity (Figure 3 ) [1] . With this viscoelastic model, an elastic response, a stress-relaxation response, and a creep response could be characterized with a single equation. To represent the passive joint moments, the Kelvin model was adapted to include a nonlinear elastic element in parallel with both a linear elastic element and a nonlinear viscous element in series.
The moment, M e , described the nonlinear passive elastic moment and was modeled with the traditional double exponential: where = primary joint angle (°), = proximal and distal joint angles respectively (°), and a i = estimated model parameter i = 1,2,3, . . . ,8.
Parameter a 1 is a scaling factor for the exponential curve that represents joint extension, while parameter a 5 is a scaling factor that represents joint flexion. The parameters a 2 and a 6 indicate how the primary joint angle affects the passive joint moment. Parameters a 3 and a 7 and parameters a 4 and a 8 indicate the influence of the proximal and distal joint angles respectively on the passive joint moment and, therefore, reflect the influence of biarticulate muscles. Furthermore parameters a 2 , a 3 , and a 4 relate how these joint angles affect the moment as the joint is extended. Parameters a 6 , a 7 , and a 8 relate how these joint angles affect the joint moment in flexion.
The linear elastic element, M le , which was in series with the viscous element, was modeled with the linear relationship where = joint angle across element (°), = neutral position for element (°), and k = estimated model parameter.
Because the model contains a viscous element, the addition of this series elastic element enables the model to perform a quick change in position without requiring an infinite moment to be applied. Parameter k represents the stiffness of the element; therefore, increases in k cause the element to become stiffer. 
The viscous element, M v , was modeled with a power function: where = velocity of element (°/s), and b and n = estimated model parameters. Equation (3) adds a velocity-dependent component to the model and captures the nonlinear relationship between the hysteresis and the joint angular velocity. Model parameter b represents the viscosity of the element. Since parameter n is an exponent with a value between 0 and 1, it represents how influential increases in velocity will be on the moment.
The following three equations represent relationships adapted from the Kelvin model:
where M ve = viscoelastic moment, where M = total passive moment, and To obtain a differential equation for the entire system, we first differentiated and substituted equation (2) into a differentiated equation (5) . The resulting equation was Equation (6) was then differentiated and substituted into equation (7) to yield Substituting equation (3) into equation (8) for and rearranging, the differential equation for the entire system became Since the joint was rotated at a constant velocity, the solution to equation (9) was where = n/n -1, = b/k, and M ve i = initial viscoelastic moment. Using equation (10), 11 model parameters must be estimated for each joint. The experimental protocol previously described was developed to ensure a sufficient set of data for the parameter estimation.
Analysis
The equation for the moment produced at a joint could be written as a combination of the passive and active moments plus the moment because of the weight of the limb:
where M Measured = measured moment (Nm) and = joint angle (°).
This equation does not include an inertial component, because the trials were performed at a constant angular velocity. Data points where the velocity was not constant because of the dynamometer changing its direction of rotation were not used in the analysis. Frictional moments were assumed to be negligible because of the low coefficient of friction (i.e., 0.002 -0.020) at joints [1] . Since the muscles were assumed to be inactive (M Active = 0), we determined the passive moment by subtracting M Limbweight from the measured moment. The moment caused by the limb weight consisted of two components. The first component was the moment caused by the weight of the Biodex attachments and any braces. We calculated this by measuring the moment developed when only the joint attachment and relevant brace were attached to the dynamometer. The second component, the moment caused by the weight of the limb itself, was calculated with the use of a regression equation developed by Zatsiorsky and Seluyanov [35] . Distance measurements from the center of gravity to the center of rotation of the limb were estimated as described by Zatsiorsky and Seluyanov and adapted according to de Leva [35, 36] . The product of the estimated limb weight with the estimated distance to the center of rotation was used to approximate the moment caused by the weight of the limb. Although the regression equations yielded approximate values, they provided a consistent method for determining these values , sgn
across all subjects and were necessary, since the experimental apparatus did not allow for joint positioning that eliminated the effects of gravity.
For each subject, the passive joint moments were measured under seven different conditions, and the last five cycles of data for each condition were ensembleaveraged. Using these averages, the model parameters of equation (6) were estimated with the nonlinear optimization routine lsqcurvefit (The Mathworks Inc., www.MathWorks.com; MatLab Release 12), which implements an algorithm based upon the interior-reflective Newton method to minimize the sum of the squared errors between the model output and the experimental data. The inputs to the optimization routine included the primary joint angle, primary joint velocity, positions of the proximal and distal joints, and the passive moments measured during each of the seven test conditions. The output of the routine was the 11 model parameters.
To obtain average properties for each subject group (able-bodied and SCI), we inputted the same standard set of joint angles and velocities into each subject's passive moment model to create a model data set. These data sets were then averaged across subjects, and model parameters were fitted to the averaged group data. The resulting model parameters were then used to represent the given subject group.
The model includes parameters for the proximal and distal joint angles; therefore, if these joints had no influence on the passive moments at a joint, the corresponding parameter values would be zero. The F-Test ( = 0.05) was used to determine whether these parameters were significantly different from zero and therefore whether the adjacent joint angle influenced the passive moments [37] . Additionally, we determined the sensitivity of each parameter on the model output by examining the derivative of the model output with respect to each of the model parameters.
To examine and compare the results from the ablebodied and SCI subject groups, we used a repeated measures analysis of variance (ANOVA) [38] . With the use of the same standard set of joint angles and velocities, calculated moment data were obtained from each subject's moment model. A repeated measures ANOVA was then performed. A p-value of less than 0.01 was set to indicate significance. With this statistical test, differences because of subject group, joint velocity, or adjacent joint angle could be determined.
RESULTS
Variability and Sensitivity
The model parameters were fitted to the mean passive moment values for each subject group. The estimated model parameters for the able-bodied and SCI groups are given in Table 7 and Table 8 , respectively. We calculated the standard deviations (SDs) of these mean curves to determine the variability of the moment values across each subject group. The ankle joint, where the passive moments α Table 7 . Passive moment model parameters for each joint tested (able-bodied subjects). The mean square error (MSE) between the model data and the experimental data for all the subjects ranged from 0.020 to 5.1 Nm 2 . On average, the model predictions for the ankle and knee joints were within ±1 Nm of the experimental data 91 percent ( = 8.7%) of the time. For hip flexion/extension, the model data were within ±2 Nm of the experimental data 76 percent ( = 17%) of the time. For hip abduction/adduction, 94 percent ( = 8.4%) of the fitted data fell within ±2 Nm of the experimental data. As a percentage of the peak-to-peak range for the passive moments, ±2 Nm represents an error of less than ±5 percent.
Model
Although every parameter was necessary for the model, some factors influenced the output more than others. The most influential variable on the sigmoidal shape of the curve was ; therefore, parameters a 2 and a 6 were the most important. Depending on the joint, the next influential variable would be either the proximal or distal joint angle. The least sensitive variable was then the remaining adjacent joint angle. The model output was eight times (range = 0.7 to 50.0) more sensitive to parameters a 2 and a 6 than to the adjacent joint parameters. The variable that most influenced the amount of hysteresis was joint velocity. Therefore, the hysteresis was most sensitive to parameter b.
Passive Moment Magnitudes and Velocity Dependence
While the overall sigmoidal shapes of the passive moment curves were very similar, the magnitudes of the curves differed between subject groups. Using repeated measures ANOVA, we made statistical comparisons between the able-bodied and SCI subjects tested. Using a p-value of less than 0.01 to indicate statistical significance, we found the passive moment curves for each subject group to be different at every joint tested except the knee. Subject groups differed significantly at every joint with respect to the influence of the proximal joint angle, while the effect of the distal joint angle was significant only for hip abduction/adduction.
The effect of joint velocity on passive moments was similar at every joint for both groups. Except for the hip (abduction/adduction) and the ankle (plantar flexion/ dorsiflexion) joints of the SCI group, joint velocity had a statistically significant influence on the passive moment at all joints for both groups. Therefore, the amount of hysteresis exhibited by the passive moment curves was significant for these joints. Consistent with previous reports [13, 19, 39] , the influence of joint velocity on the passive joint moment at magnitudes above 10°/s was quite small for both subject groups. Figure 4 presents the passive joint moments and SDs at the ankle joint in plantar flexion and dorsiflexion for a typical able-bodied and SCI subject. As the joint rotated away from the neutral position (0 Nm), moments developed in both subjects to resist the movement. The repeated measures ANOVA for each subject group showed that the distal joint angle (ankle inversion/eversion) did not have a statistically significant effect on the passive moment for either subject group (Figures 4(a) and 4(b) ). Conversely, the ANOVA showed that the proximal joint (i.e., the knee) had a significant (p < 0.01) effect on the ankle moment (Figures 4(c) and 4(d) ). As the knee joint was extended, the ankle joint became stiffer in the plantar flexion/dorsiflexion direction. 
Knee Joint Flexion and Extension
As for the ankle, passive resistive moments were generated at the knee whenever it was rotated away from its neutral position. Figure 5 shows typical knee moments for an able-bodied and an SCI subject. Repeated measures ANOVA indicated that ankle angle (plantar flexion/dorsiflexion) had an insignificant effect on the knee moment for both subject groups.
Figures 5(a) and 5(b) illustrate this result for an ablebodied and SCI subject. The influence of the hip angle (flexion/extension) was calculated to be significant in both subject groups, as illustrated in Figures 5(c) and  5(d) . At flexed hip postures, the passive knee moment increased as the knee was extended. As the hip joint moved into extension, the passive moment magnitude increased as the knee was flexed. 
Hip Joint Flexion and Extension
Extending the knee increased the magnitude of the hip moments as the hip was flexed for both subject groups (Figures 6(a) and 6(b) ). As the knee was flexed, increased hip moments developed in both subject groups as the hip was moved into extension. The passive moments at the hip joint were significantly influenced by the hip abduction/adduction and knee joint angles. Changes in the hip abduction/adduction angle tended to shift the passive moment curve laterally (Figures 6(c)  and 6(d) ).
Ankle Joint Inversion and Eversion
Example results from rotating the ankle joint in the inversion/eversion direction are displayed in Figure 7 . As the joint was rotated to the end of its ROM, passive moments developed to restore the joint to its neutral position in both the able-bodied subject and the SCI subject. The plantar flexion/dorsiflexion angle had no statistically significant effect for the SCI subject group, but the proximal joint did have a significant effect for the able-bodied group.
Hip Joint Abduction and Adduction
Illustrated in Figure 8 are the passive moments measured during hip abduction/adduction from an able-bodied subject and SCI subject. The passive moment magnitudes increased as the joint reached its end ROM. The influence of the hip flexion/extension angle on the abduction/adduction moment was statistically significant for both subject groups.
DISCUSSION
In this study, we measured the passive moments of five joint actions of the human lower limb (flexion/extension of the ankle, knee, and hip; ankle inversion/eversion; and hip Passive ankle inversion/eversion moments at a velocity 30°/s for (a) an able-bodied subject and (b) an SCI subject. Ankle plantar flexion angle was set at three different values. Mean square error (MSE) for able-bodied subject = 0.040. MSE for SCI subject = 0.034 (f/e = flexion/extension).
Figure 8.
Passive hip abduction/adduction moments for (a) an able-bodied subject and (b) an SCI subject. Velocity was fixed at 10°/s. Hip flexion/extension (f/e) angle was set at three different values. Mean square error (MSE) for able-bodied subject = 1.6. MSE for SCI subject = 2.4. abduction/adduction) in both able-bodied individuals and in individuals with paralysis arising from SCI. For all subjects and joints, imposed movements away from the neutral position of the joint generated resistance that increased as the joint approached the end of its ROM. The adjacent joint angles were also determined to have statistically significant influences on the passive moments of the primary joint. The data from both able-bodied subjects and SCI subjects were very similar in shape. The shape and magnitudes of the observed passive moments measured for the ankle, knee, and hip joints in flexion and extension were consistent with those of previously reported studies [15, 16, 18, 19] . Any differences between the moment values observed and the values reported in the literature may be a result of natural intersubject variability.
Experimental Limitations
The experiments of this study consisted of passively rotating a joint while measuring the resistance to movement. To remove the inertial effects of the limb, joints were rotated at a constant velocity. However in practice, the dynamometer needed to accelerate and decelerate as the joint changed direction from flexion to extension. Consequently, these accelerations caused inertial effects near the end of the joint's ROM. As a result, for trials with high velocities and high limb weights, the inertial effects were the greatest. To remove these effects, we used only the range of data points when the joint velocity was constant in the data analysis. However, remnant inertial effects are a possible reason the hip flexion/extension trials, which had the largest limb weights, exhibited the poorest fit between the model and experimental data.
The moment caused by the weight of the limbs was estimated with regression equations and, therefore, was also a potential source of error. Passive moment measurements about a vertical axis would have minimized the effects of limb weight. However, the experimental apparatus did not allow for measurements about a vertical axis. Therefore, regression equations were employed, because they provided a consistent method for the limb weight calculation.
Model Performance
We used a nonlinear viscoelastic model in this study to provide a single tool that could describe the most important characteristics of the passive joint moments throughout the ROM to determine similarities and differences between the study populations. The passive moment model captured the nonlinear elastic properties at the joint, which determined the overall shape of the curve, and the nonlinear viscous properties, which affected the amount of hysteresis exhibited by the curve. The model did not capture the properties of an unconditioned joint, so this model was not suitable for examining the effect of conditioning.
The calculated MSE values indicated a good fit between the model and the experimental data [16] . The high percentage of model data within ±1 Nm of the experimental data also indicated that the model predictions were close to the experimental data. Under these conditions, the model would be sufficient for predicting the passive joint moments that would develop. Furthermore, it was able to identify several commonalities and differences between the two sample groups. This finding suggests that the model may prove to be a useful tool for exploring and understanding the effects of passive joint moments in other studies of human movement.
Influence of Proximal and Distal Joints
For ankle dorsiflexion, the knee angle had an influence on the ankle moment because of the biarticular gastrocnemius muscle, which crosses both the knee and the ankle joints. However, at the knee joint, the ankle plantar flexion/dorsiflexion had little influence on the knee passive moment. The hip and the knee joints are coupled through the hamstring and the rectus femoris muscles. The hip flexion/extension angle did affect the knee moments of the able-bodied subjects in both knee flexion and extension. However, for the SCI subjects, hip angle only affected knee moments between neutral and fully flexed. This finding suggests that the rectus femoris coupling is present in both groups, but the SCI subjects had a diminished hamstring effect. Coupling between the knee and hip also resulted in the knee angle having an influence on the hip flexion/extension passive moment in both subject populations. Hip abduction/adduction was expected to have an influence on the hip flexion/extension moment, because it would be affecting the same tissues as hip flexion/extension. This finding was found to be true for both subject groups. Similarly, hip flexion/extension was found to influence the hip abduction/adduction passive moment. Ankle flexion/extension was expected to affect the ankle inversion/eversion moment because several muscles cross both joints-the able-bodied group had a significant difference, but the SCI group had no difference.
Comparisons Between Subject Groups
For every joint except the knee, the SCI group had a majority of passive moment magnitudes that were larger than the able-bodied group. This implies that the SCI group had stiffer joints compared to the able-bodied group. Possible mechanisms for the differences observed between subject groups are changes in the moment arms at the joint, changes in the fascia that hold these tissues in place, or transformations of the musculotendon units following SCI [3] .
Important to note is that these experiments were only performed on a sample size of four individuals with SCI and five able-bodied individuals. Neither group can be considered to represent their entire population. The ablebodied volunteers were a convenience sample of healthy young graduate students in our laboratory. The subjects with SCI were experienced users of FES standing systems and, therefore, were required to have healthy and stable enough joints for weight-bearing and near-normal ROMs before being recruited into this study [40] . Therefore, one should be cautioned against generalizing these results to the whole SCI and able-bodied populations or to other populations who were not examined, such as persons with joint disease. Also, the large variability between subjects may limit the capability to use the group averages to represent any single individual. However, the group averages were useful for examining the capability of the model to fit to the experimental data. In addition, these preliminary data have provided a framework for further investigation as more subjects are tested, which would include understanding the magnitudes and causes of variability between the passive moment values of individual subjects.
CONCLUSIONS
In this study, the passive moments generated about ankle inversion/eversion; hip abduction/adduction; and ankle, knee, and hip flexion/extension were characterized for able-bodied volunteers and individuals with SCIs. The passive moment curves from the two subject groups displayed similar shapes but significant differences in passive moment values. The passive moment values were significantly different at every joint except the knee. The differences indicate that the SCI group had stiffer joints. From this limited sample, this suggests able-bodied passive properties cannot be assumed to be the same as SCI passive properties.
The influence of adjacent joints on the passive moments was also examined. The majority of the results indicated that the positions of adjacent joints significantly influenced the passive moment about a joint. The only adjacent joint angles that were not significantly influential were the ankle plantar flexion/dorsiflexion angle on the knee passive moment for both subject groups and ankle plantar flexion/dorsiflexion on the ankle inversion/eversion moment for the SCI group. Therefore when measuring or estimating passive joint moments, one should include the effects of adjacent joint angles.
A mathematical equation was developed to describe the passive lower-limb joint moments, was successfully fitted to experimental data at each joint, and was used to compare the passive moment values of the two subject groups. With this generalized model, one equation was able to describe both the elastic and viscous properties of a joint. One advantage of this model is its compact form, which employs a relatively small number of physiologically relevant parameters that capture the salient features of the passive moment curves at each joint and allows for a single equation to describe the passive moments throughout the ROM. Furthermore, this new tool can also be customized to a particular segment of the ROM, for example, the narrow segment of the joint ROMs exhibited during quiet upright standing. For these specialized cases, the nonlinear viscoelastic model developed in this study can be adjusted to provide improved accuracy for the particular study being undertaken. In addition, parameters of the model can be easily changed to reflect contractures, disease states, or other joint conditions.
Future work can use this model as part of a larger musculoskeletal model of the lower limbs for computer simulation studies of bipedal function. For example, one can use a musculoskeletal model that incorporates a realistic representation of the passive moment generating capacities of the hip, knee, and ankle to perform computer simulation studies to investigate how passive moment properties such as contractures can affect functional movements. One can also examine interventions to alter passive joint properties (e.g., tendon lengthening) in simulation to gain insight into their effect on standing and walking function. We also intend to use such a strategy to examine whether passive properties can be varied to increase one's functional ability after an SCI and to predict their effect on the performance of controllers for advanced FES systems for standing and walking.
